Plasmid pl5B of Escherichia coli 15T-carries a 3.5-kilobase segment that undergoes frequent DNA inversion mediated by the DNA inversion enzyme Min, a member of the Din family of site-specific recombinases. While the previously described Din inversion systems invert a DNA segment between two crossover sites in inverted orientation, the Min system produces more complex DNA rearrangements. These have been physically characterized by electron microscopy and by restriction cleavage analysis. The results can best be explained by a model that involves six crossover sites (called mix) and predicts 240 isomeric forms of the invertible region.
The model was confirmed by sequencing the six mix sites in plasmids that contain the invertible DNA segments in a frozen configuration. All mix sites fit the dix consensus sequence, and they are all good substrates for DNA inversion when carried in inverted orientation. Recombination between two mix sites in direct orientation was rare, in line with the notion that Din inversion systems are topologically biased to the inversion reaction. Another recently described multiple inversion system, the shufflon of the E. coli plasmid R64, is neither functionally nor structurally related to the Min system of pl5B.
gene also encodes a recombinational enhancer element (unpublished data). In contrast to all previously described Din systems, which invert a DNA segment between two crossover sites, the Min system (Min for multiple DNA inversion) causes more complex DNA rearrangements. The characterization of this mobile DNA region of p15B is the subject of this report.
During our studies another example of clustered DNA inversion segments has been described on the R64 plasmid of E. coli (10) . In this system, which has been named "shufflon," four DNA segments can invert independently or in groups resulting in complex DNA rearrangements. DNA inversion is brought about by site-specific recombination mediated by the Rci recombinase. Although the Min system of pl5B and the shufflon of R64 show a similar clustering of overlapping invertible DNA segments, they are not related because the DNA sequences of neither the recombinase genes (unpublished data) nor, as we show here, the crossover sites are homologous. In turn, the Rci enzyme shares significant sequence homologies with the recombinases of the integrase family (11) .
The prokaryotic site-specific DNA recombination systems that have been well characterized so far can be classified into two groups on the basis of their structural and functional homologies and of their mechanistic properties (1, 2) . One group of loosely related enzymes includes the integrases of phage A (3) and other lambdoid phages, the Cre recombinase of phage P1 (4) , and the eukaryotic FLP enzyme of yeast (5) .
The other group (6) is subdivided into two families: one comprises the resolvases of the Tn3 family of transposons, while the other family consists of a number of DNA invertases (Din family). Site-specific recombinases for the latter are found in the genomes of phages P1 (Cin) and Mu (Gin), in the Salmonella typhimurium chromosome (Hin), and on a defective viral element on the chromosome of some strains of Escherichia coli (Pin) (6) . A unique property of the Din family is the involvement of a cis-acting recombinational enhancer element that not only stimulates DNA inversion but also contributes to the topological specificity ofthe recombination reaction (7, 8) .
Electron microscopic heteroduplex studies of the phage P1-related plasmid pl5B of E. coli 15T-had suggested that it contains an invertible DNA segment (9) . Subsequent cloning of this putative inversion region led to the identification of the gene for a new member of the Din family of DNA invertases, the Min enzyme (unpublished data). This enzyme can substitute in vivo for the Cin DNA invertase of phage P1. These two recombinases share 74% identical amino acids. The min
MATERIALS AND METHODS
Bacterial Strains and Plasmids. E. coli K-12 strain WA3782 recA, lac, met, supE, hsdS, pin and E. coli 15T-strain WA2293 thy, arg, trp, met, rA+, mA+, rp15 +, mp15 + were described (12, 13) . Plasmid pAW800 is a pUC19 derivative carrying the 8.3-kb BamHI fragment 5 of plasmid pl5B (unpublished data). Construction of deletion derivatives of pAW800 is described in Fig. 5 .
Determination of the Sequences at the mix Crossover Sites on the pAW800 Derivatives. The DNA sequences of the mix sites were determined by the chain-termination method (14) with appropriate restriction fragments subcloned into phage M13mpl8 and M13mpl9 vectors (see Fig. 5 ). The mixL'MI" site was sequenced in both strands of the EcoRI fragment of pAW800-AP15. To construct this plasmid, an EcoRI linker was inserted into the EcoRV site of pAW800-AH8, and the derivative's EcoRI fragment was ligated into the EcoRI site of pUC19. The mixL'Q" and mixQ'Ml" sites were sequenced in the EcoRI/Pst I fragment of a pAW800-A&H13 derivative in which HinclI fragments were deleted. The mixL'P' site was sequenced in the EcoRI/Pst I fragment of a pAW800-AH14 derivative in which HincII fragments were deleted. The mixL'O" and mixO'P" sites were sequenced in the EcoRI/Pst I fragment of a pAW800-AH17 derivative in which HinclI fragments were deleted. The mixO'N" and mixN'P' sites were sequenced in the EcoRI/Pst I fragment of a pAW800-lAH39 derivative in which fragments produced by EcoRV and HincIl were deleted. The mixMr"R' site was sequenced in the EcoRI/Pst I fragment of a pAW800-AA48 derivative in which Bgl II fragments were deleted in a first step and fragments of Hpa I and EcoRV enzymes were deleted in a second step.
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. (15) . Electron microscopic analysis of heteroduplex and snap-back molecules followed published procedures (9, 16 To visualize the presence of invertible segments, heteroduplex molecules ofBamHl-digested pAW800 were prepared by rehybridizing denatured DNA and were analyzed with the electron microscope. In addition to completely doublestranded molecules, several species of molecules containing regions of nonhomology were observed, indicating the presence of clustered DNA segments that can participate in inversion processes. The lengths of rearranged segments varied between 1.5 kb and 3.5 kb. In some heteroduplex molecules, the rearranged segments contained stem-loop structures (Fig. 1A) , indicating that short complementary sequences in inverted orientation are present.
To determine the number and length ofthese short inverted repeats as well as the DNA structures resulting from rearrangements, molecules with "snap-back" structures were analyzed. Snap-back structures are formed by intramolecular rehybridization at inverted repeats in single-stranded DNA fragments. A striking diversity of stem-loop structures and of more complex secondary structures was found in snap-back molecules prepared from various restriction fragments of pAW800. A few examples are shown in Fig. 1 C-E.
The analysis of 100 snap-back molecules suggested that at least six homologous segments of about a 230-base-pair (bp) length interrupted by several size classes of nonhomologous DNA are present on pAW800. The high degree of heterogeneity in all preparations led us to postulate that DNA segments of pAW800 frequently change their relative position and orientation.
Unusual Restriction Enzyme Cleavage Patterns of pAW800. Gel electrophoresis of pAW800 DNA digested with different restriction enzymes revealed an unusual type of restriction cleavage pattern ( Fig. 2A) . Whereas 7 of 21 tested restriction enzymes produced normal patterns as exemplified with EcoRI and BstXI ( Fig. 2A, lanes 1 and 5) , the patterns of the other 14 digests had a ladder-like appearance ( Fig. 2A , lanes 2-4). Many of the fragments forming a ladder differed in their lengths by multiples of 0.5 kb. Summation of the restriction fragments in the ladder patterns greatly exceeded the size of 11 kb of the plasmid pAW800. In addition these fragments were present in subequimolar concentrations, and some bands appeared rather broad as if they were composed of several fragments of almost the same size. Remarkably, no ladder-like patterns were obtained with any ofthese enzymes in double digests after BstXI ( Fig. 2A, lanes 6-8) .
To exclude the possibility that the ladder-like restriction patterns of pAW800 are a consequence of some cloning artefact, we compared the Bgl I restriction pattern of pAW800 with that of the parental plasmid plSB by Southern blot analysis using pAW800 as the 32P-labeled probe. Since identical ladder-like restriction patterns were observed (Fig.  2B) , the DNA rearrangements in the genome of pl5B in E. coli 15T-and those on pAW800 in E. coli K-12 are equivalent. The same restriction patterns also appeared in additional pl5B samples prepared from cultures of independent E. coli 15T-colonies (data not shown). We conclude, therefore, that the observed DNA rearrangements on pAW800 are not due to a cloning artefact.
Complex Rearrangements on pl5B Are Caused by DNA Inversion at Six Crossover Sites. To explain the encountered structural complexity, we considered the possibility that site-specific DNA inversion might occur on pl5B at more than two crossover sites. While only two isomers are produced by inversion systems that carry two crossover sites (like the previously studied Din systems), an increasing number of isomers is expected if several crossover sites are present. A model consistent with the restriction cleavage and electron microscopic data is presented in Fig. 3 . It proposes six crossover sites participating in site-specific DNA inversion, and it predicts the production of 240 isomeric forms of the inversion region (permutation of the five segments M, N, 0, P, and Q multiplied by 2 because of the two possible orientations of the M segment, 5 x 2). According to the model, these five segments flanked by the six crossover sites can successively become rearranged by DNA inversion, which would lead to the structural complexity of the snap-back molecules. The heterogeneity in the population of pAW800 molecules is easily explained if pAW800 contains a mixture of the 240 possible isomeric forms of the DNA inversion system.
In Fig. 4 , a restriction map of pAW800, which is consistent with the model for site-specific DNA inversion at six crossover sites, is presented. Different types ofrestriction patterns produced of an equilibrium population of all 240 isomers are expected in the model. When restriction sites were present only outside the inversion region (in segments L and R or in pUC19 DNA), a normal pattern appeared (compare EcoRI in Fig. 2A, lane 1) . However, restriction enzymes recognizing sites within the invertible segments M, N, 0, P, or Q would produce a great number of different fragments that differ in size by a multiple of 0.5 kb (compare Ava I, Bgl I, and Sal I in Fig. 2A, lanes 2-4) . An enzyme cutting at sites within each of the homologous sequences of about 230 bp in the inversion segments M through Q cleaved the DNA into characteristic fragments irrespective of the configuration of the invertible segments (compare BstXI in Fig. 2A, lanes 5-8) .
DNA sequence analysis of the crossover region confirmed that in all invertible segments, the BstXI restriction sites are 68 bp from the crossover sites. Therefore, this enzyme cleaves the segments N through Q into their characteristic lengths, which ranged between 0.48 kb and 0.52 kb (see Fig.  2A , lane 5). This slight difference in size of the four small segments in question explains the rather wide bands in the ladder-like patterns.
The intensities of the bands in the ladder-like patterns of seven independent plasmid clones identical to pAW800 were indistinguishable from those shown in Fig. 2 invertible segments frozen in one configuration were constructed by deleting part or all of the min gene or by deleting some of the crossover sites. The relevant deletion derivatives of pAW800 are presented in Fig. 5 . The configurations of the invertible segments in the individual deletion derivatives could be unambiguously determined by restriction cleavage analysis. This was possible because the segments M, 0, P, and Q bear characteristic restriction sites (see Fig. 4 ), and the mobilities of the four smallest BstXI fragments are slightly different in gel electrophoresis (see Fig. 2A, lane 5) .
DNA Sequences of the mix Crossover Sites. The crossover sites of the Din family are known to consist of a 26-bp imperfect palindrome in which the DNA invertases introduce a 2-bp staggered cut at the central asymmetric dinucleotide (17) (18) (19) . Thus, one crossover site comprises two half-sites. According to our model of the Min system, the six postulated crossover sites (mix for Min inversion crossover) consist of 12 different half-sites (one in each of the flanking segments L and R and two at the ends of segments M, N, 0, P, and Q, respectively), and multiple inversion would produce 32 different isomers of the mix sites.
Thirteen different mix sequences, which include all 12 distinct half-sites, were determined by using the plasmid derivatives described in Fig. 5 . As expected, imperfect palindromic sequences were found to compose the mix sites (Fig. 6 ). These palindroms are highly homologous among each other and fit well to the published consensus sequence of the crossover sites of the Din family to which Min beloqgs. Notably, the identity at the nonsymmetrical central A-A dinucleotide within the crossover site, known to be important for efficient recombination in the Cin system (20) , is conserved in all of the pl5B mix sites. The six sites were found to be embedded in highly homologous segments of around 230-bp length. The size and orientation of these homologous segments correspond to those predicted on the basis of the snap-back structures in our model (Fig. 3) .
Site-Specific Recombination Mediated by Min Is Strongly Directional. The enzymes of the Din family are known to exhibit a strong directionality to promote inversion. When their crossover sites are artificially placed in direct orientation, site-specific recombination, which results in deletion of the intervening DNA segment, is very inefficient (21) (22) (23) . This was also the case for the Min system. Plasmids pAW800-AH17 and pAW800-AH39 (see Fig. 5 ) encoded a functional min gene, including the recombinational enhancer and two or three crossover sites only in direct orientation, respectively. Site-specific recombination in these plasmids leading to deletion of the segments 0 in pAW800-AH17 and deletion of segments 0 or N or both in pAW800-AH39 could not be observed by gel electrophoresis.
Consistent with this observation, deletion at mix crossover sites in pAW800 appeared to be very rare. When pAW800 isolated from the recA strain WA3782 and digested with Xho I restriction enzyme (the plasmid is cut only once within the P invertible segment) was used to transform WA3782 host cells, very few ampicillin-resistance colonies appeared (16 per 5 gg of DNA transformed compared with 104 per 1 ,g of uncut pAW800). We expect this procedure to enrich for pAW800 derivatives carrying a deletion, including the Xho I restriction site (or a point mutation at this site), since linear DNA does not efficiently transform the RecBC nucleaseencoding strain WA3782. While 5 of the 16 plasmids isolated from these colonies appeared to be identical with pAW800, 11 carried the expected deletions. Restriction cleavage analysis revealed that these plasmids had lost the P segment alone or (20) . Crossing over in the dix sites takes place at the central dinucleotide which is spaced from the surrounding imperfect palindromic sequence (indicated by arrows). The 12 half-sites determined in 13 different mix sequences are arranged to form six arbitrarily chosen crossover site sequences that are highly homologous among each other. 
DISCUSSION
The striking difference between the Min system and the other members of the Din family of site-specific DNA inversion systems is the presence within a 3.5-kb segment of six sites rather than the usual two sites for efficient crossing-over, which are here called mix. As a consequence of this structural feature, 240 isomeric forms of the inversion region are expected. These isomers seem to be present with similar frequencies in plasmid preparations of pl5B and of the multicopy plasmid pAW800 carrying the Min system ofpl5B. DNA sequencing of mix sites revealed that recombination occurs within imperfect palindromic sequences as expected. The mix sequences are highly homologous among each other and some have identical sequence. They fit well to the consensus sequence of the crossover sites of the Din family systems. Furthermore, the central nonpalindromic dinucleotide which determines the orientation of the crossover sites is conserved in all mix sites. This is significant since efficient recombination requires that this dinucleotide be identical in both recombining sites (17) (18) (19) .
Site-specific recombination mediated by the Din enzymes is known to be strongly biased towards the inversion reaction (21) (22) (23) . This is also the case for the Min system. The bias reflects the topological characteristics of a recombinogenic complex consisting of DNA invertase molecules bound to the crossover sites whose productive interaction is stimulated by the host protein FIS (factor for inversion stimulation) bound to the recombinational enhancer (24) . Among the Din family, the Min system is unique because some of the mix crossover sites are always in direct orientation. We have shown that the Min enzyme can mediate deletions between two directly oriented mix sites, although they occur highly inefficiently.
An analogous situation of complex DNA rearrangements generated by site-specific DNA inversion was described for the shufflon system of the R64 plasmid of E. coli (10) . Seven crossover sites flank four DNA segments that can invert independently or in groups leading to a shuffling of the segments. In this shufflon system, site-specific recombination also results only in DNA inversion and not in deletion of parts of the clustered inversion region. However, this system is not related to the Min system, since the crossover sites show no homology to the mix sites, and the DNA recombinase of the shufflon system has sequence similarities to the integrase family rather than to the Din family (11) .
The biological significance of neither the shufflon of R64 nor Min of pl5B is as yet known. The DNA sequence of the shufflon region suggests that DNA inversion results in the fusion of one of seven different 3' parts to a unique 5' part of a coding frame (25) . Our preliminary sequencing data of the inversion region of pl5B are consistent with the notion that DNA inversion in the Min system fuses one of six variable 3' parts of a reading frame to one constant 5' part (unpublished data).
It is remarkable that the Min and shufflon systems evolved a similar cluster of overlapping invertible DNA segments, although their enzymes belong to two different groups of bacterial site-specific recombinases. Future detailed analysis of the Min inversion region might lead us to elucidate its biological role.
